Cayenne and 43-115 and the slips (vegetative organs born on the peduncle) of 10845 and 9429, sent by J. L. Collins to the writer, were suspended in nutrient solutions kept in 4-gallon enameled crocks which had been painted with asphalt paint to cover possible unenameled spots.
Introduction
The interference of manganese with the availability of iron to pineapple plants has been explained by JOHNSON (7) and KELLEY (9, 10) as due to the oxidation of the latter by the former in soil and leaf tissues. Additional studies by SIDERIS, YOUNG and KRAUSS (14) and SIDERIs and YOUNG (17, 20) revealed that iron may be made unavailable in ample amounts to the leaf tissues after its precipitation in the exodermal root tissues at pH higher than 5.5, the latter resulting from the absorption by the roots of anions at higher rates than cations.
All evidence obtained so far indicates that the iron requirements of pineapple leaves are small; also, differences in the iron content of chlorotic and green leaves are, likewise, small.
Therefore, in order to avoid the unicertainty and difficulty of handling by ordinary chemical analyses the small amounts of iron absorbed by the roots at different periods and to eliminate the interference of preexisting amounts of this element in the tissues of the plants, the latter were grown in solution cultures supplied with iron containing a mixture of the radioactive isotopes Fe55 and Fe59, as well as the other stable isotopes as stated by the U. S. A. E. C. (28) .
PLANT PHYSIOLOGY
No iron was added to the nutrient solutions from August 23, the beginning day of the experiment, to October 23, the day of the receipt of radioactive iron.3 However, none of the plants showed symptoms of chlorosis except clone 43-115, which was of less intense green than the other clones.
On October 23, 1947 , two of the plants from a total of 12 per clone per treatment which were to be treated with radioactive Fe* were placed in 2-liter pyrex beakers, one per beaker and others in 4-gallon crocks, five per container. The pyrex beakers were shielded from direct sunlight by a cover of heavy black paper which was painted on the exposed side with aluminum paint to reflect light. The plants were suspended'for subsequent growth in the nutrient solution contained in the pyrex beakers through holes in a concrete cover which was painted with asphalt paint, the latter employed to prevent absorption of the solution by the cover.
The sample of the radioactive iron which arrived as FeCl3 in 7.9 ml. of HCl solution, with 455 mg. of Fe of an activity of 1.5 mc (millicurie) equivalent to 3.31 me per gram and an intensity of radiation (unshielded) of 30 mr/hr at six inches. The total volume of 7.9 ml. of FeCl3 in HCl was poured into a 150 ml. brown bottle containing 20 ml. of 10%7 metaphosphoric acid (HPO3) to which was added 44.1 ml. of water to raise the total volume to 72 ml. Metaphosphoric acid was added to convert ferric iron to the metaphosphate salt which is very soluble, Fe not precipitable within a wide range of pH. The mixture equivalent to 6.3 mg. of Fe per ml. of solution was employed as a stock solution of Fe* for the nutrient solutions.
The plants grown in the 2-liter pyrex beakers were supplied with 20 y of Fe, and either with lOO.y of manganese as MnSO4 4H20, or without. Those grown in the 4-gallon crocks were supplied with 4.y of Fe, but not with manganese. ANALYTICAL METHODS Sections 3, 4 and the lower portions of 5 of the chlorophyllous regions of the mature (C) and active (D) leaves and roots were selected for measurements of tissue radioactivity on the basis of previous studies (14, 17, 20) which showed that iron accumulations were greater in these than in other tissues of the leaves. The extreme terminal sections of the leaves, although richer in iron, were discarded because of the onset of senescence much earlier in these than in other tis'sues.
Depending on the intensity of the radioactivity of the tissues, the fresh weights used for a single determination ranged from one to 25 grams. Such tissues, placed in porcelain evaporating dishes and dried to obtain dry weight values, were then ashed in an oven. The ash, dissolved in 5 ml. of 1:1 HICl solution, were transferred to conical' 15 ml. centrifuge tubes where sufficient 27Vc NH4OH was added to make the solution alkaline and precipitate iron. The solution, after standing for 30 minutes, was centrifuged at 0°C. The supernatant liquid was discarded and the precipitate, after suspension in 2 ml. of acetone, was transferred by a pipette with a wide opening dropwise on to a metal disc of tinned iron 2.5 cm. in diameter kept on a hot plate at very low heat. The use of acetone for suspension of the precipitate is for the purpose of rapid evaporation of the mixture. In case of an incomplete removal of the precipitate from the centrifuge tube and from the pipette, both tube and pipette are treated with a weak solution of HCO placed in the tube, the iron is again reprecipitated with NH4OH, centrifuged, and the precipitate transferred to the metal disc as before.
Great care must be exercised to avoid excessive heating of the metallic disc because of the danger of losing the precipitate by spattering, which is caused by a rapid vaporization of the solution. The use of infrared lamps for drying such precipitates should be preferred to the hot plate method. However, a sheet of asbestos placed over the entire area of the hot plate regulated satisfactorily the heat radiations and the evaporation of the solution. In case of very weak adherence of the dry precipitate to the metallic disc, a drop or more of 5% sucrose added carefully with a pipette without touching the precipitate will prevent possible losses.
The precipitates on metallic discs are ready for measurement of their radioactivity with a Geiger-Muller counter. The thickness of the mica window of the tube best suited for such measurements and the distance between the radioactive substance and the tube depend on the intensity and variety of the radioactive emanations. The thickness of the G-M window was approximately 3 mg/cm2, presumably well adapted for the measurement of the emanations from Fe59 but not from Fe55.
Due to the much stronger iron content of the root than leaf tissues, the isolated iron from the leaf samples was placed approximately at 0.5 inch from the G-M window and that of the root samples 2.0 inches. A radium standard placed at the two distances gave 300 and 60 counts per minute for the 0.5 and 2.0 inch distances, respectively. The background radiations varied slightly for one month the entire period of the measurements, ranging from seven to nine cts/m. The total ash content of the leaves, consisting mostly of K, Ca, Mg and P-salts, was approximately five times as great as that of the roots. However, the relationship for iron was reversed; this element was approximately 20 times as great in the roots as in the leaves, i.e., 3.5 and 70.0 y per cm2 of the metallic disc for the leaves and roots, respectively. Absorption of Fe* by sample thickness, not determined by standardized quantities of Fe*, was presumably small, due to the small amounts of total iron contained in the samples.
Cobalt, unavailable at the time of these measurements in the laboratory, could have served as a better standard than radium, which was available, because the latter emits mostly alpha particles and the former beta and gamma radiations which, also, are emitted by Fe*. However, for obtaining a factor of radiation intensity at different distances between the G-M counter and the experimental material, it was thought that the results obtained with radium, which is used as aln auxiliary unit for gamma ray emitters (8) The residue in the flannel, composed mostly of cell wall material admixed with some proteinaceous matter, fibers and other insoluble substances, was carefully removed with a spatula, weighed and divided into two equal portions, one of these used for the determination of proteinaceous nitrogen by the Kjeldahl method, and the other for dry weight with subsequent measurement of its radioactivity after ashing by the method as mentioned above. The latter fraction should have been washed with metaphosphoric acid to remove possible traces of precipitated ferric iron after treatment with KOH, but due to oversight in the beginning and lack of ample time in the end of this study, such treatment was omitted.
The liquid fraction was centrifuged in 250 ml. centrifuge bottles to remove starch and traces of fibrous and parenchymatous tissues and with some chloroplastic matter. The supernatant liquid was carefully removed, its volume determined and then divided into two equal parts which were placed in separate 250 ml. centrifuge bottles, one intended for the determination of nitrogen and the other, after ashing, for radioactivity in the proteinaceous matter. These liquids after treatment with appropriate volumes of 10% metaphosphoric acid to cause complete precipitation of the proteinaceous-colloidal matter in suspension were centrifuged for 20 minutes in a centrifuge kept at 0°C. The supernatant colorless or slightly greenish yellow but clear liquid was decanted carefully in a flask and then the proteinaceous precipitate in the centrifuge bottles was treated with 50 ml. of 1% metaphosphoric acid and recentrifuged to remove traces of water soluble Fe59. At the end of this operation, the supernatant liquid was placed in the flask which contained the liquids from the previous operation.
The precipitates in the bottles, loosened by gentle centrifugal movements of the hand after the addition of 5 ml. or more of 0.O1N KOH, were poured in appropriate containers; that for the determination of proteinaceous nitrogen in a Kjeldahl flask and the other for radioactivity in a 250 ml. porcelain dish. The latter, after ashing and precipitation of Fe59 with NH4OH, was transferred to metallic discs and its radioactivity measured as stated above.
The liquid fraction from the separation of the proteinaceous matter was divided into two equal volumes, each placed in 250 ml. centrifuged bottles and treated with acetone in the ratio of one to two that is, 80 ml. of the liquid fra'ction of 160 ml. of acetone. The mixtures in the centrifuge bottles, were placed for three hours in a refrigerator at -23°C and then centrifuged at 00 C for 20 minutes.
The supernatant liquids were carefully decanted into clean 250 ml. centrifuge bottles while the precipitates, with strong peroxidase activity, were dissolved in 10 ml. 0.O1N KOH solution and transferred to appropriate containers for the determination of proteinaceous nitrogen and radioactivity as mentioned above. The supernatant liquids from this operation, treated in the 250 ml. centrifuge bottles with a few ml. of 27% NH4OH to precipitate Fe59, were centrifuged. The resulting supernatant liquid was discarded and the precipitate, dissolved in 5-10 ml. (8) .
All data are based on 10 grams of fresh tissue from two leaves per plant and two roots per plant, the latter weighing from one to two grams after removal with blotting paper of the superficial water of the nutrient solution.
The data in table II, showing different amounts of Fe59 in the roots and leaves of the various clones, may suggest that the rate of growth of such clones, together with certain differences in the morphology of their roots might have been the contributing factors to the differences in iron absorption, translocation and concentration in the tissues. The differences in the amounts of Fe59, as measured by the radioactivity of the tissues, between leaves and roots in the same clone, in favor of the roots, were very great. They suggest that most Fe59 in the roots was not absorbed into the tissues but presumably precipitated on the exodermal layer of cells, a condition also observed in previous studies (14, 17, 20) . In the cultures supplied with 100 y of Mn, similar differences were greater, suggesting that Mn had considerably increased the deposition of Fe59 on the exodermal tissues of the roots. The data in table II show that considerably less iron was translocated from the roots to the leaves of the plus-Mn than minus-Mn cultures. Except for the differences in the periods of absorption of Fe* by roots from the nutrient solutions, the data in tables II and III are almost the same with respect to the influence of manganese on the iron content of the leaves.
SIDERIS: MIANGANESE INTERFERENCE IN IRON ABSORPTION
A radioautograph, not presented here, showed that Fe* was distributed throughout the entire leaf area although in somewhat greater amounts toward the terminal than basal regions. A semicircular zone about 2.5 cm. from the tip of the leaf, indicating the line of demarkation between the tissues of the old and new growth, accumulated more iron than other areas. Although the area of the old growth between the tip and line of demarkation contained some iron, the radioautograph did not reveal any greater concentrations in the fibrovascular than in the mesophyllic tissues as shown occasionally in chlorotic leaves by the formation of more chlorophyll along the leaf veins, following iron absorption through the roots, than in the nearby mesophyllic tissues. It is possible that the even distribution of the iron radiations in the leaf tissues resulted from the great thickness of the leaf, about 3 mm. which interfered with their outward penetration and recording on photographic film. Such radiations were highly intensified at the edges of the leaf, where the thickness was approximately 1 mm. Previous studies (14, 15, 16, 17, 18, 19, 20, 21, 22) have indicated that iron, chlorophyll and protein gradients increased from the basal to the terminal sections of leaves, suggesting presumably some association between iron and either chlorophyll or protein, or both. Because of the existence of various metallo-proteins (metalloporphyrins) in plants and animals, certain analyses were made to obtain pertinent information, which is reported in table IV.
The data in table IV show that the radioactivity in the protein and peroxidase fractions of the 23-day plants differed considerably from that of the 30-day plants in the Cayenne clone. Lack of time prevented the writer from repeating the analyses to detect the source of disagreement in the peroxidase fraction.
However, the data in the 23-day cultures show considerably greater amounts of Fe59 in the various cellular components for the Cayenne than for the 43-115 clone, which conform with the results in table III. The protein fraction, which may be considered the least contaminated with inorganic Fe59, possessed greater radioactivity than the cellulosic-ligneous fraction, although the latter was four to five times greater in weight than the former. The high values of the peroxidase fraction in the 23-day plants cannot be explained.
The radioactivity of the 30-day plants, although varying slightly from the 23-day plants, shows, except for the peroxidase fraction, the same relative distribution of iron in the various cellular components. The nitrogen values, intended to reveal the distribution of proteinaceous matter in the various fractions, show that the greatest portion of Fe59 was in the protein; other fractions contained much smaller amounts. The question has often been raised (2, 7, 9, 10, 26, 27) whether iron is rendered unavailable by oxidation with subsequent precipitation by manganese in the nutrient solution or soil before absorption by plant roots or after absorption. In order to obtain information on this subject, 5 ml. of the nutrient solution from the plus-Mn and minus-Mn cultures, exposed to the action of plant roots for 23 days at pH 4.5-6.0, were placed in containers which were examined under the Geiger-Muller counter for radioactivity. (14, 17, 20) .
Discussion
The results presented above indicate that in nutrient cultures supplied with or without manganese, iron was deposited in great amounts in the exodermal tissues of pineapple roots, some of which was translocated to the leaves but the greatest portion remained insoluble and consequently unavailable. In cultures with high concentrations of Mn (100 y), the amounts of iron deposited in the exodermal root tissues increased and those translocated to the leaves decreased.
Because of the deposition of great amounts of iron in the exodermal tissues of roots in the absence of Mn, which may be increased considerably in its presence, the causes for the precipitation and deposition of iron cannot be alone ascribed to the action of Mn. Such causes, inherent in the exodermal tissues of the roots, are only augmented in the presence of Mn. Previous studies (14, 17, 20) showed that high pH values generated by a greater rate of absorption by roots of anions than cations (NO3 vs. K or Ca) contributed as much to the precipitation and deposition of Fe in the exodermal tissues of roots and to the low amounts in the leaves as high amounts of Mn in the nutrient solution.
Possible mechanisms for explaining the deposition of iron in the exodermal tissues of roots grown in solution cultures supplied with or without Mn may be attributed to (a) the alkalinity of the products of hydrolysis of in soils of higher pH than 5.5 and in the exodermal tissues of roots but not as much in the chlorophyllous tissues of leaves with high acidity (pH 3.4-4.6) and reducing agents such as ascorbic acid (15, 18, 21) .
The production of chlorosis in soybean plants only by certain iron and manganese combinations and not by others caused SOMERS and SHIvE (25) to assume that good growth and development of plants free from pathological symptoms depended on a two to one ratio of iron to manganese within the plant tissues and in the nutrient solution, and that ratios with values higher than two produced iron toxicity, and lower than two, manganese toxicity. A similar view has also been shared by TWYMAN (27) . However, BENNETT (1) found in tomato plants that ratios of iron to manganese ranging from 1.6 to 0.1, with maximum Fe at 50 y and Mn at 80 -y, and with minimum Fe at 5 y and Mn at 5 y produced green leaves, whereas similar ratios ranging from 0.08 to 0.01, with maximum Fe at 8 y and Mn at 180 y, and with minimum Fe at 0.5 y and Mn at 50 y produced chlorotic plants. Unpublished data of the writer have shown that iron to manganese ratios higher than 0.01, with maximum Fe at 5 y and Mn at 50 y, and with minimum Fe at 0.5 y and Mn at 5 y produced green plants, but similar ratios of 0.001 with Fe at 0.05 y and Mn at 50 y produced chlorotic plants.
The above comparisons show that different plants may require different iron-manganese ratios because according to previous studies (14, 17, 20) , the absorption and translocation of iron may depend on the acidity of the exodermal root tissues, which is affected by the ratio of cations to anions entering the roots simiultaneously. Moreover, the rate of utilization of either Fe or Mn in the tissues for the synthesis of metalloproteins may determine the rate of translocation of these elements from roots to leaves. The toxicity theory (25, 27) at concentrations 50y of Mn or 5 y Fe, although possible, cannot be easily understood, since the writer witnessed pineapple plants grown by J. P. Bennett in solution cultures supplied with 300 y of Mn and some even with higher amounts, unless such plants were not absorbing Mn at the rate of supply.
The results in table IV, showing a certain degree of association of iron to protein, and previous studies (14, 15, 16) , summarized in figure 1, indicating positive correlation between iron and protein (r = 0.80 and t = 3.098, requiring for significance t = 2.660 at P.01), suggest that iron may be in stoichiometric relationship with a certain section but not with the entire proteinaceous fraction of the cell. However, with future improvements in the subdivision of the proteinaceous fraction, the iron-containing section may be isolated and identified.
Protein, chlorophyll and iron relationships in a variegated variety of Ananas comosus (L.) Merr. are reported in table V.
The data indicate that with greater amounts of chlorophyll in the green than chlorotic areas of the same leaves both protein and iron increased, but not in stoichiometric proportions.
The occurrence of iron in the chloroplasts of various plants has been reported by MOOR (13) . Similar findings were reported for the chloroplasts of Zea mays and Hordeum distichum by GRIESSMEYER (3), for spinach by LIEBICH (11) and Claytonia by HILL and LEHMAN (5) . JACOBSON (6) found in tobacco that from 65 to 85% of the total leaf iron was in the chloroplasts. Also, MOMMAERTS (12) and JACOBSON (6) found iron in the purified chlorophyll protein complex substances of corn and tobacco leaves, which results are in agreement with the data in table V for pineapple leaves.
These results and those of others indicating certain relationships between chlorophyll, protein and iron suggest that all three substances must bear a stoichiometric relationship in a certain section of the proteinaceous complex in the chloroplast, the identity of which has not yet been definitely established. 1. Most iron removed from the nutrient solution was deposited in the roots, presumably in the exodermal tissues, more so in the cultures supplied with than without manganese.
2. The amounts of translocated iron from the roots to the leaves was considerably lower in the cultures supplied with than without manganese.
3. No precipitation of iron could be detected with certainty in the nutrient solutions containing manganese as a result of the reaction Fe++ + M-+++ = Fe++ + Mn++.
4. Considerable amounts of the translocated iron remained in the proteinaceous matter of the cells and others in the cell walls and substances with peroxidase activity.
5. The data suggest that iron may occur in combination with some proteinaceous fraction, presumably an enzyme, which activates the formation of certain other proteins intimately related with chlorophyll.
